Purpose: The sediments accumulated in the Yesa Reservoir (Central Spanish Pyrenees) have greatly decreased its water storage capacity and are a major threat to the sustainability of water resources in the region. The study examines the contents of radionuclides and stable elements in the reservoir sediments and relates their variations with the sediment composition and sedimentary dynamics, particularly flood frequency and intensity, responsible for changes in the main supply and distribution of radionuclides in the basin. K. Enriched activity levels are associated with clayey and silty layers, and depleted levels with sandy layers. The levels of radionuclides and trace elements were significantly lower in the cores, than in the profile because of its higher silicate content and the influence of inflow of spring 2 mineral rich waters. The correlations among radionuclides, sediment components and stable elements evidenced stronger influence of the dynamic of sediment supplies by floods in the central areas closer to the main channel (cores) than in the littoral areas (profile).
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In the past century, soil erosion from agricultural catchments have increased the amount of sediment supplies to water courses and changes in the sediment dynamics of catchments have been widely documented (e.g. Walling et al., 2003 , Foster et al., 2007 . In Mediterranean mountain headwaters impacts of land use changes have altered both runoff generation and sediment transport in the last decades (Navas et al., 2004) and thus the transfer of natural and artificial radionuclides linked to soil particles might have also been affected. The analysis of the vertical distribution of radionuclides and stable elements in sedimentary records of reservoirs can assist to identify the patterns of such changes. To improve the knowledge of the environmental behaviour of radionuclides and stable elements, a more detailed information of specific processes in reservoirs is required . In addition, an understanding of stable elements and their association with the radionuclides is helpful in identifying their patterns of mobilization and any common sources of potentially toxic elements (Jordan et al., 1997) .
The concentration profiles of radioisotopes and elements in sediment cores from reservoirs aid in the identification of natural inputs, environmental changes, and artificial pollutants (Baeza et al., 2009 ). However, little is known about the radionuclide content, and vertical distributions thereof, in the sediments of reservoirs. In situ measurements should provide the ultimate information about the behaviour of radionuclide and stable elements of a particular ecosystem compartment such as reservoir deposits. This research examines the contents of radionuclides and other stable elements in the sediments that have accumulated at the bottom of the Yesa Reservoir (Aragón, Spain). The study based on a detailed analysis of the materials retrieved from two sediment cores and one profile collected from the submerged plains in the centre of the reservoir aims to provide insights into the pathways and the processes involved in the mobilization of the radionuclides in ecosystems. We also examined the relationships between the radionuclides and the general properties (grain size, organic matter, carbonates and silicate contents) of the sediments, the changes in sediment supply and the role of floods in the dynamics and transfer patterns of radionuclides and stable elements in Mediterranean mountain headwaters.
Materials and methods

The study area of the Yesa Reservoir
The Yesa reservoir, located in the Aragón River ( Fig. 1) , in an E-W elongated valley carved in easily eroded Tertiary sedimentary formations, is one of the largest in the Pyrenees (471 Hm   3 4 The climate is transitional from temperate Atlantic to continental Mediterranean. Mean annual rainfall varies between around 1500 mm in the Internal Ranges and 800 mm in the Internal Depression. The distribution of natural vegetation follows an altitudinal pattern (Villar et al., 2001 ) from high mountain meadows, pine tree forest with some shrubs and the oak domain that was transformed into farmland in the last centuries.
In the reservoir the main environments are the delta area at the mouth of the river, the submerged plains and the dam wall delta . The sedimentary sequence established from cores that were retrieved from the submerged plains comprises the sediments accumulated during more than 41 years since the dam was in full operation until the coring campaign that were supplied mainly during floods (Navas et al., 2009) . In this study based on detailed sedimentological information that was linked with data on the hydrological regime it was possible to distinguish three main periods of infilling. The first period extending from the reservoir construction until 1979 had the highest flood frequency of the reservoir history and was characterized by a succession of fining upward sequences deposited successively in each flood. The second period (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) also registered a high sedimentation rate as result of the most intense floods for the whole studied period. The third period (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) had lower sedimentation coinciding with lower discharges and less frequent floods.
Core sampling and analyses
The radiological and geochemical characteristics of sediments accumulated in the reservoir were studied in two sediment cores (Y1 and Y2) and one sediment profile (Y3) that were collected along the reservoir axis at the submerged central plains (Figure 1 ). This part of the reservoir is considered the most stable and suitable environment to obtain a representative record of the materials accumulated in the bottom of the reservoir (Valero-Garcés et al., 1999; Navas et al., 2004) .
In site Y3 the sedimentary profile (400 cm) was sampled during a survey carried out when the water level at the reservoir was very low and the meandering channel of the Aragón River was exposed. A section from the base to the top of the profile was hand excavated and samples of fresh sediment were collected at different depth intervals. The cores Y1 and Y2 were retrieved using a hand operated, modified Livingstone corer. The length of the cores was 450 cm for core Y1 and 425 cm for core Y2. When the submerged plains were exposed it was estimated that the total thickness of the deposit at the core sites reached 5.5 to 6.5 m; however, this total depth was not attained in the cores.
The sediment sampling considered the differences in the sedimentary record associated to different floods.
The changes in sediment composition and grain size that were previously identified based on analyses performed on alternate 1 cm samples served to discriminate sedimentological facies in the sequence (Navas et al., 2009 ).
Thus, sampling intervals were established after consideration of such differences in order to ascribe the radiological and geochemical properties to specific layers corresponding to different events.
The cores were split in half by using a cutter and a thin metal wire. A total of 21 and 13 samples were selected in cores Y1 and Y2, respectively, and 18 samples in profile Y3. Samples were placed in plastic bags for storage and kept refrigerated for laboratory processing and analysis. They were air dried and weighted following standard procedures. In the samples of the selected intervals grain size, general composition, radionuclides and stable elements were analysed as well as mineralogy in profile Y3. The results represented in the figures correspond to the middle of the sampled interval.
Grain size analysis of different size fractions were done by using laser equipment after particles were stirred, chemically disaggregated and ultrasonically dispersed. The composition of sediments, organic matter and carbonate contents and the residual fraction (mostly silicates) were measured by loss on ignition. The analysis of the total elemental composition was carried out after total acid digestion with HF (48%) in a microwave oven.
Samples were analysed for the following 17 elements: Li, K, Na (alkaline), Mg, Ca, Sr, Ba (light metals) and Cr, Cu, Mn, Fe, Al, Zn, Ni, Co, Cd and Pb (heavy metals). Analyses were performed by atomic emission spectrometry using an inductively coupled plasma ICP-OES (solid state detector). Concentrations, obtained after three measurements per element, are expressed in mg kg -1 .
In profile Y3 the mineralogical composition was determined by means of X-ray diffraction using a difractometer equiped with a Si-Li detector using Cu K radiation on random powder of bulk sample. The <2µ fraction was studied on oriented samples after standard treatments. The reflecting powers of Schultz (1964) for bulk sample were used for the quantitative estimation of the identified minerals.
Radionuclide activity in the samples was measured using a high resolution, low background, low energy, hyperpure coaxial gamma-ray detector coupled to an amplifier and multichannel analyser. The detector had a 20% efficiency, 1.86 keV resolution (shielded to reduce background) and was calibrated using standard samples that had the same geometry as the measured samples. Subsamples of 50 g were loaded into plastic containers.
Count times over 24 h provided an analytical precision of about ± 5 to ± 15 % at the 95% level of confidence.
Activities were expressed as Bq kg -1 dry soil. Cs activity was determined from the 661.6 keV photopeak.
Results and discussion
In the Yesa Reservoir, the sediments that have accumulated on the submerged plains are mostly silt (median range between 63 -73 %), with much smaller proportions of clay (16 -23 %) and sand (8 -13 %) ( Table 1) .
Although the Y1 core had comparatively less sand and the Y2 core had comparatively more clay, the distribution of grain sizes was quite similar in the sediments at the three sampling sites. The percentage of the sedimentological facies as assessed by grain size, colour and sediment composition indicated that sandy and silty layers were most abundant in the profile (Y3), where they represented 90 % of the total sedimentary record, whereas clayey and silty clay layers predominated in the cores with the highest percentage in Y2 core (82 %).
Silicates and carbonates were the main components of the sediments which had homogeneous vertical distributions, and the amounts of organic matter were small (median range = 2.8 -4.0 %). In the profile, the median of the residual fraction, i.e. silicates, accounted for as much as 80%, and was, on average, 20% higher in the profile than it was in the two cores. Carbonates constituted ~40% of the cores, but only 18% of the profile. In the cores, the distribution of the silicate and carbonate components varied little with depth.
The differences between the profile, which indicated a predominance of silicates and the abundance of sandy layers, compared to the two cores, which revealed a substantial carbonate component and an abundance of the finest fractions, might have resulted from the location of the profile, which was at the talweg of the river channel. That location favoured the entrance of sandy materials into the inner parts of the reservoir. In addition, the greater energetic relief and the inflow from gullies near the site of the profile might have contributed to the high abundance of coarse materials in the profile. The mineral composition of the profile, was calcite (39%), quartz (28%), clays (26%), plagioclase (4%), dolomite (2%), and feldspars (1%) (n=18 samples).
In the sediments of the cores and the profile, radioisotope activities were 20-43 (Navas et al., 2005b) where 137 Cs accumulates in the top layers while natural radionuclides are more homogeneously distributed in the soil depth profile. In sandstones, the normal concentrations of uranium and thorium are 0.5-2.0 ppm and 1-7 ppm, respectively, and in limestones, uranium and thorium concentrations are ~2 ppm (Faure, 1986) . In the Yesa
Basin, sandstones and limestones are the most abundant lithologies. Typically, in sedimentary rocks that have homogeneous mineral compositions, such as the marls and sand materials in the main formations of the Yesa Basin, radionuclide concentrations are constant (Faure, 1986) . Of the radionuclides detected in the Yesa Reservoir,
40
K had the highest activity levels. In the sediments that accumulated in an ancient Roman reservoir in southwestern Spain,
K also exhibited the highest activity (Baeza et al., 2009) . Among the cores and the profile collected in the Yesa Reservoir, the vertical distributions of the artificial radionuclide 137 Cs and, to a less extent, 210 Pb and 40 K, were highly variable; the levels of 226 Ra and 232 Th were the less variable and had the most homogeneous vertical distributions. The radionuclide activities were within the range of the background levels of the natural gamma radionuclides in the soils of a Flysch catchment, which is the formation that covers the most area in the Yesa Basin (Navas et al., 2011) . In addition, activity levels were within the ranges found in surface formations in North America (Litaor, 1995; de Jong et al., 1994) and Germany (Fujiyoshi & Sawamura, 2004 ), but were less than the levels of 238 U,
226
Ra, 232 Th, 40 K, and 210 Pb detected in the sediments of the ancient Roman Proserpina Reservoir in southwestern Spain (Baeza et al., 2009) . Those high activity levels are attributed to the geological environment of the reservoir, which is within the Hesperic Spanish Massif, and consists of metamorphic rocks that have levels of radionuclides that are higher than those in the sedimentary rocks that predominate in the basin of the Yesa Reservoir.
In the two cores from the Yesa Reservoir, most of radionuclide activities were quite similar, but they differed from those found in the profile (Fig. 2 ). Cs were significantly higher in the profile than they were in the two cores, as indicated by an ANOVA (Table 2) , probably, because of the high silicate content of the former and the inflow of mineral rich waters from Tiermas, a thermal source near the site where the profile was collected. With the exception of 210 Pb and 137 Cs, the lowest levels of radionuclides were in the Y1 core, which was located near the inflow from the Aragón River.
The high levels of 137 Cs might have been related to the supply of sediments from the gullies that reach the area near the site of the profile, which are likely to transport eroded soil that contains Ra were found following the submerged canal of the Aragón river. The two cores and the profile differed significantly in the levels of 226 Ra which was lowest at the site near where the Aragón River flows into the reservoir (core Y1) and highest in the profile (Table 2 ) because the profile has higher silicate contents than the cores.
The activity levels of 238 U in the Y2 core were significantly lower than the levels in the Y1 core.
U and
226 Ra, which belong to the uranium series, differ greatly in their solubility, which affects their mobility, and 238 U is mobilized in forms of uranyl complexes (MacKenzie, 2000) . The activity levels of 40 K appeared to be directly associated with the mineralogy of the sediments. The level of 40 K was highest in the Y2 core, which likely resulted from the abundance of clayey layers and clay fractions in this core.
In the profile, the levels of the natural radionuclides were significantly positively correlated, which suggests that they had a common source (Table 3 ). In addition, the correlations between the radionuclides were stronger and more likely to be statistically significant in the profile than they were in the cores. The low correlation between 210 Pb and 226 Ra in the cores is due to disequilibrium between the radionuclides (Krishnaswami et al., 1975; Bacon et al., 1976) caused by differences in the processes of geochemical differentiation (Benninger et al., 1975; Fleischer, 1983) . Preferential mobilization and scavenging by particulate material is also described for the removal of Pb-210 in the interphase water-sediment (Chi-Ju et al., 2004) . This process is favoured in porous and fissured materials and depends on the particulate size (Mercer, 1976) which agrees with our results that also suggest that this disequilibrium preferentially occurs in sand and silt materials. In the profile, the activities of 210 Pb, 226 Ra, 232 Th, and 40 K tended to be positively correlated with the contents of the finest grain size fractions but the opposite occurs with sand (Table 4 ). The strong positive correlation between the activities of 40 K and clay content reflects the tendency for this radionuclide to be associated with clay minerals because radioisotopes can adsorb to clay surfaces or become fixed within the lattice structure (e.g. Jasinska et al., 1982; Vanden Bygaart & Protz, 1995) . In the two cores, however, the correlations among radionuclides and sediment components were not as strong and less likely to be statistically significant. In the Y1 core, the amounts of organic matter and silicate materials of the residual fraction were significantly positively correlated with the abundance of each of the radionuclides, but the opposite was true for the relationships between carbonate content and the levels of the radionuclides. By comparison, in the cores, particularly Y2, the correlations between the levels of the radionuclides and the amounts of organic matter, silicates, carbonates, and grain size fractions were weaker and less likely to be statistically significant. In the cores, the radionuclides transported with the sediments were more likely to be affected by changes in the hydrological regime than were those in the profile, which was from a site where changes in the supply of radionuclides can be masked by the local input of radionuclides from the thermal source of Tiermas.
Relationships between the radionuclides and stable elements
In the profile and the cores from the Yesa Reservoir (Table 5) , Ca, Al and Fe, in that order, were the most abundant elements and K, Na and Mg were also present in significant amounts. Barium, Mn, Sr and Li were less common and the concentrations of the heavy metals Zn, Pb, Cr, Ni, Cu, Co and Cd were low. The concentrations of the major and trace elements were within the ranges found in the soils in the Yesa Basin (Navas and Machín, 2002) and those found in soils developed on similar parent materials (Kabata-Pendias and Pendias 2001).
In the profile, the Na content was higher and Ca content was lower than in the cores; however, contents of Pb in the cores were nearly three times higher than the content in the profile. Typically, Pb is associated with clay minerals (Norrish 1975) . The content of Zn was higher in the Y2 core than it was in the profile and the Y1 core.
Similarly to Pb, Zn is generally associated with clay minerals, and the highest abundance of the clay fraction was found in the Y2 core. The contents of Ba and Mn and, to a lesser extent, Sr, were high in the Y2 core. Typically, Ba, Mn, and Sr are associated with feldspars (Kabata-Pendias and Pendias (2001), which likely are contained in the most abundant clay size fraction in the Y2 core. Thus, the elements that are associated with clay and feldspars minerals and were most abundant in the cores, appeared to be associated with the abundance of clayey layers in the cores.
The cores and the profile differed most significantly in the amounts of trace elements. The contents of Cr, Ni, Cu, and Co in the profile were ten times higher than the contents in the cores, and Cd occurred in the profile, only. The high content of microelements in the profile likely was related to the thermal source of Tiermas that may supply substantial amounts of Cr, Ni, Cu, Co and, to lesser extent, Cd that came from the mineral rich waters. In addition, the abundance of silicates in the sediment composition of the profile may also contribute to the high contents of radionuclides and trace elements because heavy metals and radionuclides are enhanced in argillaceous materials (Kabata-Pendias and Pendias 2001).
In the profile, among the direct and significant correlations those between Cs were not correlated with the stable element contents, which confirmed that this artificial radionuclide had a different source. In the Y1 core, some of the relationships between the radionuclides and the elements differed from those detected in the profile. The activities of most of the radionuclides were inversely correlated with the contents of Ca and Sr, which suggested the absence of a link with carbonates. Although the radionuclide activities were positively correlated with contents of Zn, Cr, and Fe, the reverse was true in the profile. In the Y2 core, the relationships between radionuclides and stable elements were much less clear and only a few correlations were statistically significant. (Table 7) . Ratios higher than 1 suggest 238 U enrichment which might have been due to large differences in the mobility of these radionuclides (e.g., Dowdall and O'Dea, 2002) .
Vertical distribution of the
Disequilibrium was greater in the Y1 core than it was in the Y2 core, and the greatest deviations from the linear trend occurred in the upper 200 cm of both cores, where sediments of fine grain size were most abundant. In addition, sorption is an important component of the U cycle (Kabata-Pendias and Pendias, 2001) and significant accumulations of U are often associated with clays because the clay fraction has an affinity for absorbing U and Th (Megumi et al. 1982 
The vertical distribution of radionuclides in the reservoir sediments
Variations in radionuclide activities with depth in the sedimentary sequence of the Yesa Reservoir might provide insights into the patterns and pathways of the terrestrial radioactivity (Fig. 3) . In the profile, the activity levels were constant with depth, with the exception of a tendency for Cs, 238 U) trends were apparent, which reflected increases and decreases in activity levels, respectively, with depth. In the Y2 core, with the exception of 210 Pb and 137 Cs, whose activities varied widely with depth, the radionuclides were distributed homogeneously, which indicated that their supply was constant throughout the infilling period, but this is also associated with low variation in the composition and the distribution of grain sizes in the sedimentary layers. Cs by comparing with the intense sedimentary dynamic that deposited more than 6 m of sediments at the submerged plains of the reservoir.
In general, the activity levels of the radionuclides were lowest in the layers of the sediment that had predominantly coarse fractions; i.e., sandy layers had the least radionuclide content (Figs. 4, 5, 6 ). The activity levels of the radionuclides were highest in the layers that were composed of clayey materials. In the Y1 core, collected near the point where the Aragón River flows into the reservoir, radionuclide content was lowest at the bottom of the core in a thick layer of coarse grey sands, which indicated the occurrence of an extreme flood, and in a sandy layer 32.5 cm from the top of the core, which was deposited by another intense flood. The infilling of the Yesa Reservoir occurred as a succession of fining upwards sequences, each reflecting major floods episodes that have characteristic patterns of the frequency and intensity of floods which appear to be correlated with the activity levels of the radionuclides.
Features of the sedimentary record, such as the distribution of fining up grain size sequences, the thickness and distribution of alternating layers, helped to identify the three deposition units that occurred during the period of infilling (Navas et al., 2009) . Frequent, regular periods of floods in the period 1959-1979 were accompanied by the regular deposition of up-fining sequences. In the period 1979-1988, there were fewer floods. In the period 1988-2000, floods were less intense, but occurred more frequently than they did in the previous period, which was paralleled by less energetic silty fining upward sequences. Consequently, radionuclide activity levels in the sandy layers that marked the beginning of a flood were low. The levels of 137 Cs were highest in the lower section of the Y1 core (depth = 336-392 cm) and were associated with clayey layers. In a reservoir on the Loess Plateau, China, 137 Cs concentrations were highest in the finest sediments of the infilling sequences caused by floods (Zhang et al., 2006) . The radioisotopes
137
Cs and unsupported 210 Pb can be used to discriminate sources of reservoir sediments (e.g., Foster et al., 2007 , Simms et al., 2008 .
In the Yesa Reservoir, sandy material was most abundant (almost 25%) in the core (Y1) that was collected near the entrance of the Aragón River. Clayey and silty clay layers were more predominant (82%) in the Y2 core than in the Y1 core (40%) which is the main reason why the variations in radionuclide activity levels were not as marked in the former as they were in the latter. The more marked pattern in the variation of the radionuclides in Cs was concentrated in < 20 µm fractions of organic material, clays and Fe and Mn oxides, the radionuclides varied little and activity levels also increased with decreasing grain size (Rank et al., 1987) .
In the profile, all of the radionuclides showed quite parallel depth distributions, although 226 Ra and 232 Th, the least mobile of the radioisotopes, did not exhibit marked peaks in activity. The depths at which the maximum levels of radioisotope activity occurred were similar in the Y1 core and the profile, which suggests that the transport of the radionuclides through the reservoir occurred during the same floods and that the distribution of radionuclides was the same near the entrance as it was in the inner section of the reservoir. Furthermore, the local input of radionuclides identified in the profile, which were associated with the thermal sources at Tiermas add to the content of radionuclides transported with the sediments.
Differences in the frequency, intensity, and occurrence of floods and the variations in the hydrological regime led to differences in the characteristics of the sediments. Furthermore, those differences appear to have affected the distribution of radionuclides. The activity levels of the natural radionuclides were highest at the lower part of the sedimentary record, which coincides with an energetic fluvial regime that caused the highest sedimentation rates in the reservoir (Navas et al., 2009) .
Conclusions
In the last half-century, the infilling of the Yesa Reservoir, Spain, produced variable sedimentological characteristics that were attributed to variations in the hydrological regime of the Aragón River and its tributaries that drained the catchment, which, in turn, has affected the distribution of radionuclides within the sedimentary sequence.
In the Yesa Reservoir, the sediments which arrive mainly during floods and, subsequently, are redistributed in ways that are influenced by the water level in the reservoir, had radionuclide levels that are within the range observed in similar environments. Variation in radionuclide activities is associated with the grain size and composition of the accumulated sediments. Enriched activity levels are associated with clayey and silty layers, and depleted levels are associated with sandy layers that have predominantly coarse fractions. Clearly, sedimentological processes influence the patterns of radionuclide accumulation. The distributions of the radionuclides were consistent with the history of the infilling of the reservoir and with the processes of transport and the accumulation of sediments.
The levels of radionuclides and stable elements were higher in silicate-rich sediments such as those in the profile compared to those in the cores. Enhanced levels of radionuclides and some stable elements were associated with the mineral-rich thermal source of Tiermas, which is near the site where the profile was collected.
The sedimentary record in the Yesa Reservoir provided an opportunity to quantify the abundance and distribution of radionuclides, which is of importance to compare with environmental baselines in order to preserve the quality of water bodies. The methods used in this study delivered information that permitted an assessment of the patterns of accumulation of radionuclides in reservoir sediments and allowed the identification of natural inputs into the system and its differentiation from the fluvial transport and reservoir deposition.
Assessments of the radionuclides that are contained in the sedimentary records of reservoirs can provide insights into the processes that are involved in the mobilization of radionuclides in terrestrial ecosystems and help to understand the pathway by which radionuclides are mobilized in the environment. nd: no data.
Different letters indicate significant differences at the 95% confidence level 
